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The aryl hydrocarbon receptor (AhR) is responsible for the toxic effects of environmental pollutants
such as dioxin, but little is known about its normal physiological functions. Li et al. (2011) now show
that specific dietary compounds present in cruciferous vegetables act through the AhR to promote
intestinal immune function, revealing AhR as a critical link between diet and immunity.From childhood we learn that vegetables
are good for us, and most of us eat our
veggies without giving much thought
to the evidence behind this accepted
wisdom or to the mechanisms underlying
the purported health-boosting proper-
ties of a vegetable-rich diet. In this issue
of Cell, Li et al. (2011) uncover a link
between diet and immunity, showing
that specific dietary compounds found
at high levels in cruciferous vegetables
such as broccoli, cauliflower, and
cabbage are essential for sustaining
intestinal immune function. Moreover,
they show that the molecular basis for
this link involves the aryl hydrocarbon
receptor (AhR).
The AhR is best known for mediating
the toxic effects of dioxin, an environ-
mental pollutant that is found in industrial
byproducts and is a toxic contaminant
of some herbicides (Fernandez-Salguero
et al., 1995). AhR is part of the basic
helix-loop-helix/Per-Arnt-Sim (PAS) ho-
mology superfamily, whose members
play central roles in sensing environ-
mental factors such as oxygen and light.In its inactive state, AhR resides in the
cytoplasm, but upon encountering
polycyclic aromatic hydrocarbons such
as dioxin, it translocates to the nucleus
where it heterodimerizes with the AhR
nuclear translocator (Arnt). The AhR-Arnt
complex activates expression of a
battery of genes containing specific DNA
enhancer sequences known as AhR-
responsive elements (AhREs). Many AhR
target genes are xenobiotic-metabolizing
enzymes such as the cytochrome P450
family member Cyp1a1 (Ito et al., 2007).
Early studies of mice engineered to lack
AhR (Ahr/ mice) suggested a role for
AhR in liver development (Fernandez-
Salguero et al., 1995). However, until
recently little else was known about the
physiological function of AhR or what
ligands activate AhR under normal,
healthy conditions.
Li et al. provide fascinating new insight
into the physiological role of the AhR
by showing it to be essential for normal
intestinal immune function. Previous
work had revealed that AhR is expressed
by circulating proinflammatory T helper17 (Th17) cells and that activation of AhR
by dioxin modulates the numbers of
Th17 cells in mouse models of autoim-
mune disease (Veldhoen et al., 2008;
Quintana et al., 2008). Expanding on
these prior findings, Li et al. quantified
AhR expression in a broad array of
immune cells isolated from various
tissues. Strikingly, they found that intrae-
pithelial lymphocytes (IELs) from intestine
and skin express especially high levels
of AhR. These unconventional T cells
inhabit the body’s epithelial barriers in
large numbers, intercalating between
epithelial cells and forming intimate
contacts with their epithelial neighbors.
IELs have a number of unusual properties
relative to conventional T cells, including
a high proportion of cells bearing the gd
T cell receptor and a prevalence of
CD8aa coreceptors. Consistent with
their positioning at epithelial surfaces,
IELs defend against assaults from the
environment. Essential functions include
promoting epithelial repair following injury
(Chen et al., 2002) and limiting epithelial
cell invasion by the vast populations of, October 28, 2011 ª2011 Elsevier Inc. 489
Figure 1. Dietary Compounds Regulate Intestinal Immunity through
the Aryl Hydrocarbon Receptor
The aryl hydrocarbon receptor (AhR) can be activated by compounds derived
from cruciferous vegetables such as broccoli. Compounds such as indole-3-
carbinol (I3C) are converted into high-affinity AhR ligands (e.g., indolo[3,2-b]
carbazol or ICZ) by exposure to stomach acid. Upon ligand binding, AhR
complexes with AhR nuclear translocator (Arnt) and translocates to the
nucleus to regulate gene transcription. Li et al. (2011) show that cell-intrinsic
AhR signaling is required for IEL maintenance in the intestinal epithelium and is
essential for normal intestinal immune function. It is not yet known which IEL
target genes are activated by AhR, or how AhR signaling leads to IEL main-
tenance in the epithelium.indigenous bacteria that
inhabit the gut (Ismail et al.,
2011).
With IEL expression of AhR
as a tantalizing clue, the
authors examined Ahr/
mice to look for perturbations
in IEL function. Whereas most
T and B cell subsets were
present in similar numbers in
wild-type and Ahr/ mice,
intestinal IELs were virtually
absent in Ahr/ mice.
Numbers of skin IELs also
declined, in agreement with
the findings of Kadow et al.
(2011). The reduced IEL
numbers were not due to
defects in development of IEL
precursors, and these cells
were able to home to both
the skin and intestine and
proliferate normally upon
arrival at thesesites.However,
once arrived, the cells were
not maintained in the epithelia
of Ahr/ mice, disappearing
over a period of a few days.
Finally, in an elegant and thor-
ough series of in vivo experi-
ments, Li et al. demonstratedthat the AhR signals required to maintain
IELs originated within the IELs them-
selves rather thanbeing relayed fromother
cell populations (Figure 1).
In accordance with the essential role
of IELs in stimulating repair of damaged
epithelial surfaces (Chen et al., 2002),
Li et al. found that the Ahr/ mice were
more susceptible to epithelial injury than
wild-type mice, showing accelerated
sickening following exposure to an intes-
tinal epithelial damaging agent. Ahr/
mice also showed a modest increase in
intestinal colonization by Bacteroides, a
Gram-negative genus that is dominant
in both the mouse and human intestine.
This increase in bacterial loadwas associ-
ated with the reduced expression of the
antibacterial protein RegIIIg in Ahr/
mice, providing a potential mechanistic
explanation for this phenotype. However,
RegIIIg is expressed in both IELs and
epithelial cells (Cash et al., 2006; Ismail
et al., 2011), and thus it is not yet clear
whether the increase in Bacteroides
numbers in Ahr/mice is due to reduced
IEL numbers or whether this phenotype490 Cell 147, October 28, 2011 ª2011 Elsevistems from epithelial cell-intrinsic effects
of AhR.
The fact that AhR is required for normal
intestinal immune function raises the
intriguing question of what compounds
trigger intestinal AhR signaling under
physiological conditions. Prior work re-
vealed that AhR signaling is triggered by
certain tryptophan derivatives that are
specific to plants (Ito et al., 2007). These
include compounds such as indole-
3-carbinol (I3C), which is found at espe-
cially high levels in cruciferous vegetables
such as broccoli, cabbage, and cauli-
flower and is converted into high-affinity
AhR ligands after encountering the acid
environment of the stomach. To test
for a dietary origin for the intestinal
AhR ligand, Li et al. manipulated the
diets of their mice, switching them to
a synthetic feed that lacks ingredients
of vegetable origin. Remarkably, the
altered diet produced a phenotype that
mimicked the situation in Ahr/ mice,
including a decline in IEL numbers, en-
hanced susceptibility to epithelial dam-
age, and increased numbers of intestinaler Inc.Bacteroides, and these alter-
ations could be mitigated by
adding back I3C to the diet.
Thus, plant-derived dietary
compounds, such as I3C, act
through AhR to maintain IELs
in the intestinal epithelium
and promote normal intestinal
immune function.
The Li et al. study signifi-
cantly expands our under-
standing of how diet impacts
immunity and health by
showing that a plant-derived
nutrient profoundly shapes
the capacity for intestinal
immune defense. However, a
number of intriguing ques-
tions remain. First, how does
AhR signaling lead to IEL
maintenance in the epithe-
lium? Identification of AhR-
regulated pathways within
IELs should provide insight
into this question and could
also potentially identify AhR
target genes. Second, are
there other dietary ligands for
AhR that derive from non-
cruciferous plant foods, or
from animal-derived foods?Given the variety and flexibility of most
mammalian diets, a specific dependence
on cruciferous vegetables for optimal
intestinal immune function would seem
overly restrictive. Rather, it seems likely
that many other foods contain com-
pounds with similar immunostimulatory
properties.
A broader question raised by these
studies is why the intestinal immune
system has evolved a requirement for
exposure to dietary compounds. In most
animals, including humans, feeding is
accompanied by the ingestion of environ-
mental bacteria, many of which are likely
to be pathogenic. Thus, linking height-
ened intestinal immune activation to
food intake could serve to bolster immu-
nity precisely when it is needed. At the
same time, this would allow energy to be
conserved in times of food scarcity. In
many mammals, feeding is also linked to
day-night cycles of light and dark, and
thus it would be interesting to learn
whether stimulation of intestinal AhR
occurs in a circadian manner to coincide
with food intake.
The Li et al. findings have important
implications for the understanding of
how human diets can shape disease
susceptibility. Inflammatory bowel
disease (IBD) is characterized by dysre-
gulated immune responses to intestinal
bacteria and is thought to be triggered in
genetically susceptible individuals by
environmental factors. It is strongly asso-
ciatedwith a ‘‘Western’’ lifestyle, suggest-
ing that diet may play a role in promoting
the initiation or progression of the
disease. In fact, epidemiological studies
indicate that a diet low in fruit and vege-
table intake is one risk factor for IBD
(D’Souza et al., 2008). The findings of Li
et al. suggest a mechanistic basis for
this epidemiological link and offer theprospect of using AhR ligands as ‘‘nutri-
ceuticals’’ to boost intestinal immunity.REFERENCES
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Ca2+-triggered neurotransmitter release is characterized by two kinetically distinct components:
a fast synchronous phase and a slow asynchronous phase. Yao et al. (2011) now report that double
C2 domain (Doc2) proteins function as high-affinity Ca2+ sensors to specifically regulate the asyn-
chronous component of neurotransmitter release.Chemical synaptic transmission in the
nervous system results from the fusion
of synaptic vesicles with the presynaptic
plasma membrane, which causes release
of the neurotransmitter stored within.
Vesicle fusion can either be spontaneous
or driven by action potentials. The latter,
known as evoked release, is the primary
means of neuronal communication. When
an action potential invades presynaptic
terminals, the elevated intracellular Ca2+
entering through voltage-gated calcium
channels triggers what is known as syn-chronous neurotransmitter release, which
is then followed by a phase of vesicle
fusion known as asynchronous release.
Although spontaneous release occurs in
the absence of action potentials, it also
depends, in part, on Ca2+. How does the
release apparatus detect the Ca2+ signal
and translate it into vesicle fusion? What
are the Ca2+ sensors for the different
modes of release? In this issue, Yao
et al. (2011) examine the function of
double C2 domain (Doc2) proteins in
vesicle fusion both in vitro and in vivoand provide evidence that Doc2 acts
as a high-affinity Ca2+ sensor specifically
for asynchronous release.
Ca2+-evoked synchronous release and
asynchronous release exhibit different
properties. Synchronous release only
occurs during and immediately following
an action potential, whereas asynchro-
nous release occurs over a longer period
of time following the termination of an
action potential. The distinct properties of
synchronous and asynchronous release
most likely reflect the existence of at least, October 28, 2011 ª2011 Elsevier Inc. 491
